Infrared reflectance, terahertz transmittance, and microwave resonance measurements show that SrTiO 3 films, strained by ϳ1% in biaxial tension by growing them on ͑110͒ DyScO 3 substrates, undergo a pronounced phonon softening near 270 K. This in-plane soft-mode drives the ferroelectric transition. The appearance of two new low-frequency modes and splitting of the high-frequency TO4 mode provide evidence of an antiferrodistortive phase below ϳ180 K. © 2009 American Institute of Physics. ͓doi:10.1063/1.3271179͔
Biaxially strained epitaxial ͑001͒ SrTiO 3 ͑STO͒ films grown on ͑110͒ DyScO 3 ͑DSO͒ films have undergone intensive study since it was shown that they become ferroelectric in the vicinity of room temperature. 1 The progress achieved in studying strained ferroelectric films has been thoroughly reviewed. [2] [3] [4] It is now clear that, in agreement with theoretical predictions, 1,4-8 the ferroelectric transition temperatures and phase diagrams of ferroelectric and related perovskite films, are extremely sensitive to epitaxial strain. This enables extensive tailoring of their dielectric properties by choosing an appropriate substrate. It was shown that the shift of the ferroelectric transition up to near room temperature for ͑001͒ STO/DSO films grown by reactive molecular-beam epitaxy ͑MBE͒ is caused by in-plane tensile strains of ϳ1% in the films induced by the single crystal ͑110͒ DSO substrate 1 due to its larger in-plane lattice parameter of 3.946 Å ͑Ref. 9͒ compared with that of 3.905 Å for bulk STO. As in other perovskite ferroelectrics, it is expected that the ferroelectric phase transition should be soft-mode ͑SM͒ driven. Therefore the study of the temperature dependent phonon response is of eminent interest.
The phonon properties of epitaxially strained STO films have been studied by Fourier-transform infrared ͑FTIR͒ and time-domain terahertz spectroscopy.
10-15 STO/ BaTiO 3 superlattices have also been examined by Raman scattering ͑see Ref. 16 for a recent review͒. The terahertz-IR studies of STO films were performed using the following substrates: ͑0001͒ c-cut sapphire, 13, 15 ͑1012͒ R-cut sapphire, 17 NdGaO 3 , 14 ͑LaAlO 3 ͒ 0.18 -͑SrAl 0.5 Ta 0.5 O 3 ͒ 0.82 ͑LSAT͒, 16 and DSO. [10] [11] [12] In the case of NdGaO 3 and LSAT substrates, the films experience in-plane compressive strain, which results in a strongly stiffened phonon response. Concerning STO/ DSO films, to date only room-temperature terahertz data has been published. 10, 12 Compared with bulk STO, a much softer phonon response was revealed. In addition to SM, clear evidence of a central-mode ͑CM͒ type excitation below its response, absent in bulk STO, has been observed. Both modes contribute strongly to the static dielectric constant ͑by ϳ3000͒ at room temperature.
The low-frequency dielectric properties in STO/DSO films that have been reported to date strongly indicate relaxor behavior. 18 Therefore some doubt may still remain about the existence of a macroscopic ferroelectric transition in such films. Here we report spectroscopic evidence of successive SM driven ferroelectric and antiferrodistortive transitions in STO/DSO films, which strongly supports the appearance of macroscopic ferroelectricity in these films below ϳ260 K.
We investigated the temperature dependence of the inplane terahertz-IR response of a 100 nm thick film ͑the same as the 1ϫ100A sample in Ref. 10͒ prepared by pulsed-laser deposition. These measurements were complemented by resonance dielectric measurements in the GHz range. 19 In addition, a ϳ30 nm thick film deposited by MBE was studied by FTIR and microwave ͑MW͒ techniques for comparison. The structural perfection of the films was characterized by four-circle x-ray diffraction ͑XRD͒. For both films, outof-plane -2 scans revealed phase-pure, epitaxial ͑001͒-oriented STO films. Additional XRD scans revealed that the 30 nm thick film was commensurately strained to the underlying ͑110͒ DSO substrate, while the 100 nm film showed partial strain relaxation.
A time-domain terahertz spectrometer utilizing a femtosecond Ti:sapphire laser was used to measure the complex transmittance spectra, from which the in-plane complex dielectric response was calculated. 10 The FTIR specular nearnormal reflectance measurements were performed using a Bruker IFS 113v spectrometer. The DSO substrates carrying the investigated films were subsequently polished down to a thickness of ϳ100 m for MW measurements. These measurements, which make use of a TE 01␦ composite dielectric resonator technique, detect the averaged in-plane response. 19 IR and terahertz spectra were taken in two polarizations E ʈ ͓110͔ and E ʈ ͓001͔ ͑with respect to the DSO substrate͒. In the latter polarization the substrate exhibits two strong polar phonons below 100 cm −1 preventing us from establishing the SM parameters for this polarization. However, no large in-plane SM anisotropy ͑due to the slightly orthorhombic DSO substrate͒ is expected. The observed in-plane lowfrequency dielectric anisotropy of the films 20 is probably mainly related to the domain structure in the film. On the other hand, the parameters of the high-frequency TO4 mode could have been quantitatively retrieved only from the E ʈ ͓001͔ polarization.
In Fig. 1 we show the E ʈ ͓110͔ polarized FTIR reflectance below 175 cm −1 ͑SM region͒ for the two STO films at selected temperatures compared to that of a bare ͑110͒ DSO substrate. In the right part of Fig. 1 the high-frequency part of the E ʈ ͓001͔ reflectance is presented, showing the TO4 mode region. Considering the opacity of the substrate, its reflectivity spectra were fitted with the factorized form of the dielectric function ͑see, e.g., Ref. 21͒. The resulting parameters of the substrate were used to fit the dielectric function of the film with a sum of independent harmonic oscillators formula ͑see, e.g., Ref. 13͒ using software for evaluation of the dielectric function of a two-slab ͑in general, multislab͒ system. 10, 22 Fitting of the FTIR reflectance was performed simultaneously with the complex permittivity obtained from the terahertz data. The resulting dielectric functions below ϳ250 cm −1 of the film are shown in Fig. 2 . Above room temperature, where we have no terahertz data, the SM was fitted with a single heavily damped oscillator. Fitting the SM below room temperature, where we have terahertz data for the 100 nm film, was found to require an additional overdamped oscillator playing the role of CM, in agreement with prior studies, 10, 12 while for the thinner film the CM frequency could not be extracted from fitting the FTIR reflectance only. The resulting SM frequencies are plotted in Fig.  3͑a͒ . The error bars are shown for less accurate mode frequencies. Note the pronounced minimum in the 250-300 K region and strong phonon hardening and splitting below ϳ180 K. In Fig. 3͑a͒ we also plotted the TO4 phonon frequency obtained from a fit of the E ʈ ͓001͔ polarized spectra, which splits clearly into two components in the same temperature range ͑Fig. 1͒. In bulk STO no similar splitting was observed. 23 The TO2 mode shows rather stiffened frequencies 193 and 205 cm −1 for E ʈ ͓110͔ and E ʈ ͓001͔ polarization at 10 K, respectively, compared with 172 cm −1 in the bulk. 23 Such large stiffening could partially result from bilin- ear coupling with the rather strong lower-frequency polar modes. The minimum in the observed SM frequency corresponds well to the maximum in the MW and subterahertz permittivity near 270 K, as shown in Fig. 3͑b͒ . The MW permittivity of the 100 nm thick film shows, however, another maximum near 160 K. This maximum is absent in the terahertz data as well as in the MW permittivity of the thinner film ͓see Fig. 3͑b͔͒ . The difference between the terahertz and MW data below room temperature is caused mainly by domain-wall contributions to the permittivity, which cannot follow the terahertz frequencies. Moreover, the 100 nm thick film is partially structurally relaxed and therefore dielectrically inhomogeneous, which also may produce effective dielectric dispersions. Since the measured MW in-plane response is unpolarized and strongly influenced by domainwall contributions and inhomogeneities, it might result in the appearance of a second maximum in the permittivity versus temperature of the thicker film. Above room temperature, the permittivities of both films obey the Curie-Weiss law with Curie temperatures of 250 and 276 K, respectively. Even though the accuracy of the absolute permittivity values from MW and terahertz data is rather low ͑roughly Ϯ30%͒, their relative temperature dependences are quite reliable and clearly indicate a SM driven ferroelectric transition in the 260-280 K region in both films. It should be stressed that such behavior differs from that of relaxor ferroelectrics in which no phonon softening is connected with the permittivity versus temperature maximum. 24 In both films new phonon peaks emerge below ϳ180 K in the 120-145 and 540 cm −1 range ͓Fig. 3͑a͔͒. These peaks provide evidence for the antiferrodistortive transition of strained STO that is expected from theory; 5, 6 its possible existence was suggested from small anomalies observed in dielectric 18 as well as second-harmonic generation measurements 25 at around 165 K in similar films. According to the theory, the tilt axis of the octahedral rotation in this phase should agree with the in-plane lying ferroelectric axis. 6 An analogous effect in the SM region was also observed for a STO/͑0001͒-sapphire film. 13 It was interpreted as the structural SM doublet from the R-point of the Brillouin zone activated by its linear coupling with the ferroelectric SM in a phase which is both ferroelectric and antiferrodistortive. We note that all three SMs in both STO/DSO films are strongly stiffened compared to their low-temperature behavior in bulk STO, where their frequencies at ϳ10 K are 8 and 17 cm −1 for the ferroelectric SM doublet 26 and 15 and 41 cm −1 for the structural SM doublet. 27 As in Ref. 13 , we do not resolve the small ferroelectric TO1 SM splitting ͑but unlike Ref. 13 we see the TO4 mode splitting͒. Compared to bulk STO crystals, the structural SM splitting in our films is much smaller ͑ϳ12 cm −1 ͒, which indicates smaller in-plane anisotropy induced by the antiferrodistortive transition. Smaller splitting and consequently smaller tetragonality due to this transition was also observed in bulk STO ceramics. 23 In conclusion, we found unambiguous evidence of a SM driven in-plane ferroelectric transition, as well as a subsequent antiferrodistortive transition in epitaxial STO/DSO films. The temperatures of both phase transitions are influenced by the strain and are in a good agreement with theoretical predictions. We also determined the in-plane polar phonon behavior in such films for all three of their phases. This work was supported by the Czech Project Nos. 202/09/0682, KJB100100704, A100100907, and AVOZ10100520, and the National Science Foundation through the MRSEC program ͑Grant No. DMR-0820404͒. We are grateful to R. Uecker, M. Bernhagen, and P. Reiche for providing us with the DyScO 3 substrates.
